Maize (Zea mays L.) stem is thought to function alternately as a net importing and net exporting organ during ontogeny, depending on whole plant photosynthetic source and sink status. The I"lqsucrose and I'4q glucose uptake capacity of stem tissues was investigated to increase our understanding of the transport factors which may influence sink status.
Reserve carbohydrates accumulate in maize stem during the developmental period between stem elongation and the onset of rapid kernel growth (7, 14) . Studies tracing photosynthate movement with 14C02 feeding methods have shown that the stem is a major sink at this stage (1) . The net accumulation of sugars by maize stem occurs over a short period of 2 to 3 weeks and the quantity of sugar accumulated is substantial; equivalent to 12 to 25% of final grain dry matter yields in some studies (7) . Thus the stem represents a strong sink which may compete with alternative sinks for available photosynthate.
An excessively strong stem sink might have a detrimental effect on kernel set and grain yield. Although the photosynthate requirements for kernels are small at the stage of kernel fertilization and early growth, competition by other sinks might decrease the amount of photosynthate available to kernels or interact with other whole plant regulatory mechanisms (24) such that fertility and kernel survival are decreased. This hypothesis is supported by studies showing that, at the initial stages after anthesis, environmental conditions such as water deficit (4) and cloudiness (20) decrease fertility and grain set while supplemental light ( 19) increases grain set.
The sugar content of maize stem is reported to decline during the period of rapid kernel growth (14) , suggesting that sugar is remobilized from stems to kernels. Genotypes differ in their patterns of stem sugar accumulation (7) . Sugar levels are decreased by defoliation and increased by ear removal or prevention of fertilization (15) . Knowledge of the mechanism and regulation of translocation export from stems to kernels would be potentially valuable in assisting attempts to increase the efficiency of photosynthate utilization in maize (9) .
The anatomy, storage patterns, and sucrose content of maize stem are similar to those of sugarcane, which has been studied in considerable detail (10) . In sugarcane, sugar transport from phloem to pith is thought to involve movement via the apoplast (10, 12) . Thus, the capacity for sugar uptake from free space by pith parenchyma is a vital step. It is possible that the regulation of net importing versus exporting status in maize stem may involve changes in the capacity for sugar uptake by stem tissues. In this report, we examine the sugar uptake characteristics of maize stem tissues and relate this information to Carbohydrate Assay. Pith and vascular bundle segments 7.1 ± 2.4 gdw and 5.6 ± 3.6 gdw, respectively, were extracted with 5 ml 76% (v/v) ethanol, sonicated 15 min, incubated at 23°C for 24 h, and vigorously mixed. Glucose in extracts and xylem sap was determined with a glucose oxidase method. The method employed the electron acceptor described by Trinder (25) in a modified version of a procedure developed for determination of serum glucose (Statzyme Glucose 500; Worthington Diagnostics). Aliquots containing up to 100 lAg of glucose were dried overnight at 50°C and then 3 ml ofreagent were added containing 0.5 mM 4-aminoantipyrine, 22 mm p-hydroxybenzoic acid, 21 units glucose oxidase, 1.5 units peroxidase, and 50 mm KH2PO4-NaOH at pH 7.0. Reaction was complete after 30 min incubation at 23°C and absorbance was measured at 500 nm. Parallel sets of standards containing 0 to 100 ,ug glucose were used for calibration. Sucrose was determined as the glucose released following hydrolysis with 5 units of invertase (j3-fructofuranosidase, Sigma Chemicals) at pH 4.5 (10 mm acetate-NaOH) and 23°C for 1 h.
Starch was not analyzed in these studies because only trace levels are present in maize stem (8) . Glucose levels were considered indicative of the overall hexose pool.
Transport (Fig. 1) . Sucrose uptake primarily involved a nonsaturable component within the 0 to 200 mm range. The plants studied in Figure 1 were in a late kernel fill stage (dent) and sugar storage into stem was probably minimal at this stage (7, 14) . Younger plants in an earlier kernel fill stage (milk) had greater D-glucose uptake by the saturable component (Fig. 2) . For Figure 2 averaged 91%, thus expressing the uptake rates on a fw basis and extrapolating from the linear part ofeach curve to the y intercept yields estimates for the maximum D-glucose saturable uptake rate of 0.74 and 0.35 Mmol gfw-' h-' at milk stage (Fig. 2 ) and dent stage (Fig. 1) , respectively. Comparison of L-glucose and D-glucose uptake suggested that both isomers had approximately the same slopes for the nonsaturable uptake component (Fig. 2) (21, 27) and leaves (18) , but uncouplers were apparently without effect on nonsaturable uptake in soybean embryos (17, 23) . PCMBS inhibited the saturable component ofsucrose uptake in soybean embryos (17, 23) and sugar beet leaves (18) but had no effect on nonsaturable uptake (17, 18, 23 (Fig. 4) show that uptake increased slightly as pH was decreased for both sucrose, which primarily involved nonsaturable uptake (Figs. 1 and 2) , and glucose which involved both components. The component tissues ofpith and VB segments were expected to have quite different functions; thus, these segments were separately analyzed in studies of field plant material. The seasonal chronology of sugar concentrations in pith and VB segments ( Fig. 5) Plant Physiol. Vol. 75, 1984 concentrations and high glucose to sucrose ratios. This phase coincided with the period of rapid stem elongation. In the stage between silking (August 2) and late blister (August 18), pith and VB sucrose levels increased rapidly to 160 and 390 mg gdw-', respectively. Thus, during the transition from vegetative to kernel growth phases, the stem appeared to serve as a quantitatively important sink. Sucrose accumulation coincided with declining glucose levels so that, between July 22 and August 18, the glucose to sucrose ratios declined from 4.1 and 1.7 to 0.5 and 0.3 in pith and VB segments, respectively. The high proportion of sucrose in VB segments is consistent with the expected preponderance of sucrose in the phloem, while movement of sugar into pith may involve some degree of sucrose hydrolysis as observed in sugarcane (10) .
During the stage between August 18 and October 6, the glucose and sucrose levels in pith and VB declined slowly at first followed by a rapid decline (Fig. 5) . On September 22, 80% of the kernels were judged to have developed a placental black layer, suggesting that kernel growth was very nearly complete (5, 6) . It is possible that the observed net declines in stem sugar concentrations were due to catabolism within the stem or phloem export to sink regions. Foliar senescence was evident in the final developmental phase after September 22, which probably decreased current photosynthate supply. Although it is unclear in the present study whether the nearly mature kernels were still importing photosynthate after September 22, others have suggested that net export from stem can support kernel growth (15) . Such studies have shown that, in defoliated maize plants, stem sugar levels were decreased and kernel growth continued until stem sugars were depleted ( 15) .
A model of sugar transport from phloem into pith storage parenchyma in sugarcane stem indicates that the route is through the apoplast (10, 12) . The seasonal patterns of VB free space sugars (Fig. 6) were similar to those observed in pith and VB tissues except that sucrose declined earlier in free space and did not approach zero at the latest sampling date. Free space glucose concentration was highest during stem elongation and cell wall synthesis stages between July 22 and August 2, then declined to low levels for the remainder of the season. The patterns suggest that free space invertase, which is postulated to play a key role in sugar transport in sugarcane (1 1), was most active during early stages and was either inactive or coupled with a very efficient glucose retrieval mechanism (13) during later stages.
Transpirational water flow through stem xylem will normally dilute sugar entering the xylem from free space or symplast of adjacent tissue (3). Thus, the free space samples we obtained after excising internodes and incubating for 90 min had higher sugar concentrations than normally present in vivo. We intended such samples to represent the free space concentration after equilibration with adjacent tissue. But it is possible that low temperature (0C) incubation of stem segments might have increased rather than decreased (as intended) sugar rates from stem segments in Vicia faba (26) were lower at 0°C than at 25°C, and efflux after free space wash-out was less than 1% ofstem sugar/h, we have found that '4C efflux rates following ['4C]sucrose feeding and free space wash-out of maize stem discs were essentially the same at 0°and 26C (data not shown). This would lead to overestimation of free space concentrations. Even with this possible overestimation, the sugar concentrations in pith and VB tissues were substantially higher than those in free space. Assuming water contents based on fresh weight determinations and uniform sugar distribution in the aqueous compartments of tissue, the estimated sucrose concentrations on August 18 were 150 and 210 mm for pith and VB segments (Fig. 5) , respectively. In comparison, the estimated concentration in vascular free space was 60 mM (Fig. 6) . The seasonal chronology of sugar uptake capacity in stem of field-grown maize was determined for the developmental period between anthesis and plant maturity. Saturable uptake in VB (Fig. 7, A and B) for both sugars was highest for the period between July 26 and August 17. This period coincides with the stages between anthesis and early kernel growth when sugar accumulation in maize stem was most rapid (Fig. 5) .
The seasonal chronology for pith saturable uptake exhibited a quite different pattern (Fig. 7, C and D) . Both glucose and sucrose uptake rates increased as plant maturity was approached. This increase in pith saturable uptake was not expected because it coincided with a period when sucrose content of stems decreased rapidly (Fig. 5) . It appeared that pith cells were able to accumulate and maintain high sugar concentrations even though they lacked substantial sugar uptake activity. The increased sugar uptake activity at late stages (Fig. 7 , C and D) apparently did not prevent declines in sugar concentrations (Fig. 5) in VB and pith, respectively.
It is important to note that although the VB segments primarily consisted of vascular tissues, some pith cells remained attached. Pith cells within the inner two to three layers encompassing VBs were small in diameter and when treated with the vital stain fluorescein diacetate and examined with fluorescence microscopy were more intensely fluorescent than other pith cells (data not shown). Pith cells midway between VBs were usually airfilled and thus nonviable. It is possible that a substantial proportion of the uptake capacity reported for VB segments might have been due to adhering pith parenchyma. Thus, in the field study maximum uptake rates by VB segments (Fig. 7, A and B ) might have been a result of pith rather than phloem loading. This interpretation is consistent with the rapid sucrose accumulation by stem tissues which coincided with maximum sugar uptake rates (Fig. 5) .
The significance of the increasing trend in saturable uptake rates in pith segments (Fig. 7, C and D Although these data show that sugar retrieval and export capacity was present in maize stem, as had been found in leaves (13) , the seasonal pattern in stem sugar concentrations (Fig. 5) suggests that development of export capacity did not determine actual net export rates. Perhaps the relative uptake activities by storage cells and phloem (9) , whole plant regulatory controls such as hormones (24) , or availability of sugar at phloem loading sites limited the net export rates.
Sugar moving from vascular bundle to pith passes through thick-walled fiber cells encompassing the bundles which might restrict diffusive transport (3). When L-glucose was introduced into xylem of stem segments, its transport rate into pith was greater in stem segments obtained from plants at anthesis than in those from plants at the dough and late dent stages (Fig. 8) . Increased cell wall thickness and lignification, which accompany aging of maize stem, might have increased the resistance to diffusive transport of L-glucose and explained these results. However, sugar transport between vascular bundle and pith was not decreased to zero in older stems (Fig. 8) ; thus, sugar transport in these tissue regions was still possible. The observed translocation from stem to ear in explants of young and old plants (Table II) provides further support for this conclusion. In such studies, the ['4CJsucrose injected into stem internodes probably represented infusion into the airspace of pith; thus, the observed phloem export from the injection region involved transport from pith to VB and subsequent phloem loading. It remains uncertain whether the observed increases in resistance to diffusive sugar transport (Fig. 8) have a substantial effect on transport patterns of intact plants. Such patterns also depend on the endogenous concentration gradients and other potentially rate-limiting processes which were not measured.
